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A  robust  microfabrication  process  has  been  developed  and  was  used  to 
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force  sensing  and  lithography. 
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ANNUAL  SUMMARY  REPORT 
JUNE  1 , 1 996  TO  MAY  31 , 1 997 


A.  Description  of  Project 

The  objective  of  the  Micromachined  Ultrasonic  Transducer  (MUT) 
development  effort  is  to  generate  practical  fabrication  procedures  and  robust 
theoretical  models  of  novel  ultrasonic  sensors  and  actuators.  These  transducers 
should  constitute  a  superior  alternative  to  conventionai  piezoelectric  devices  in 
many  applications.  Although  each  unique  application  will  most  likely  require  its 
own  optimized  version  of  a  MUT,  the  general  principles  and  design  rules 
elucidated  by  the  development  effort  should  impact  the  areas  of  hydrophonics, 
nondestructive  evaluation,  medical  imaging,  ranging,  fiow  metering,  and  even 
scanning  tip  imaging  and  lithography. 

B.  Approaches  Taken 

MUT  development  begins  in  the  broadest  sense  with  the  definition  of  a 
thought  paradigm.  The  formalism  of  electricai  circuit  networks  is  found  to  be 
most  beneficial  in  designing  transducers  and  transducer  systems.  In  general 
terms,  a  transducer  converts  some  form  of  energy  (acoustic,  chemical,  optical, 
kinetic,  etc.)  into  an  electrical  signal  and  vice  versa.  Thus,  if  equivaient  circuits 
can  be  obtained  which  adequately  represent  the  energy  conversion  process  then 
the  familiar  concepts  of  ABCD  matrices,  two-port  models,  impedance  matching, 
thermal  noise  sources,  etc.  can  be  applied  to  the  design  and  analysis  of  a 
transducer  system. 

The  approach  towards  MUT  development  is  therefore  to  first  develop  an 
equivalent  circuit  for  the  energy  conversion  process.  The  more  sophisticated  the 
equivaient  circuit,  the  more  parameters  it  takes  into  account,  such  as  the 
geometry  of  the  transducer,  the  mechanical  properties  of  its  constituents,  and 
parasitic  losses,  among  others.  Often,  a  computer  simulation  of  the  equivalent 
circuit  behavior  is  necessary.  When  the  transducer  design  is  validated  by 
preliminary  calculations,  process  development  is  undertaken.  Process 
development  is  a  crucial  part  of  the  transducer  development  effort  and  can  be 
time  consuming  due  to  its  empirical  nature.  The  microfabrication  process  is  the 
enabling  technology  which  delimits  the  design  parameters  of  the  transducers,  so 
significant  effort  is  placed  in  the  refinement  of  the  process.  When  process 
development  results  in  viable  devices,  test  beds  are  generated,  inciuding 
supporting  eiectronics,  in  order  to  compare  the  true  performance  of  the  devices 
to  theory.  If  necessary,  optical  tools  can  be  used  to  measure  the  displacement  at 
the  transducer  surface  directly.  Then,  the  device  design,  the  theory,  and  the 
process  are  revised  so  that  the  subsequent  generation  of  transducers  is 
improved. 


C.  Accomplishments 


Standard  micromachining  techniques  have  been  used  in  unique 
combinations  to  fabricate  transducers  with  resonant  frequencies  in  the  2  to  12 
MHz  range  in  air.  Transmission  experiments  have  been  performed  repeatedly  in 
air,  with  the  most  significant  result  being  the  air  coupled  transmission  of  2.3  MHz 
ultrasound  through  aluminum,  steel,  and  glass.  The  transducers  used  in  the 
through  transmission  experiments  have  a  dynamic  range  of  1 10  dB.  One  of  the 
tricks  employed  to  increase  the  dynamic  range  is  the  patterning  of  the  electrode, 
so  that  inactive  capacitance  is  minimized.  In  order  to  further  increase  the 
dynamic  range,  parasitic  losses  should  be  minimized. 

Both  the  theory  and  the  fabrication  process  have  been  modified  for  the 
development  of  immersion  transducers.  Initial  unoptimized  transducers  were 
able  to  transmit  from  1  to  20  MHz  in  water  with  a  60  dB  dynamic  range.  The 
theoretical  model  predicts  a  transmission  dynamic  range  as  high  as  140  dB  in 
water  when  electronic  noise  is  taken  to  be  dominant.  The  fundamental  thermal 
noise  of  the  membrane  in  water  is  indeed  lower  than  that  of  the  electronics.  It  is 
anticipated  that  transducers  with  120  dB  of  dynamic  range  and  a  50%  bandwidth 
can  be  realized. 

A  new  fabrication  process  has  been  developed  to  generate  arbitrarily 
shaped  vacuum  sealed  elements.  The  ability  to  generate  larger  elements  is 
anticipated  to  lead  to  the  development  of  air  transducers  in  the  1 00  Khz  to  1 
MHz  range,  as  well  as  optimized  immersion  transducers.  The  fabrication  process 
consists  of  a  unique  combination  of  standard  micromachining  techniques  and  is 
the  subject  of  a  current  patent  disclosure.  This  fabrication  process  yields 
matched  transducers  repeatably,  including  the  pairs  used  for  air  coupled  through 
transmission  experiments.  The  new  fabrication  process  constitutes  a  significant 
improvement  over  the  process  developed  last  year. 

The  equivalent  circuit  model  for  the  transducers  was  refined  to  include  the 
effects  of  membrane  thickness.  The  effect  of  electrostatic  spring  softening  has 
also  been  observed  experimentally  and  explained  theoretically.  It  has  also  been 
found  through  a  series  of  vacuum  experiments  using  unsealed  transducers  that 
the  air  in  the  transducer  cavity  has  stiffening  and  dissipative  effects,  and  a  model 
accounting  for  them  is  currently  being  developed.  Finally,  membrane  collapse, 
or  knocking  mode  operation,  has  been  observed  experimentally  for  the  first  time. 

The  accomplishments  achieved  in  this  reporting  period  pave  the  way  for 
many  interesting  investigations  in  the  coming  year.  Most  of  our  effort  will  be 
dedicated  to  the  further  refinement  of  theoretical  understanding  and  to  the  design 
of  experiments  using  the  new  transducers.  Theoretical  concerns  include  the 
secondary  loss  mechanisms  of  the  transducer,  from  viscous  damping  to  thermal 
transfer  to  leakage  into  the  supporting  structure.  Experiments  envisioned  include 
the  generation  of  images  of  defects  in  aluminum  and  composites  by  scanning  air 
coupled  transducers,  transmission  in  water  using  optimized  transducers,  and 
various  proof  of  principle  experiments  demonstrating  the  applicability  of  the 
transducers  to  ranging  and  flow  metering.  If  time  and  resources  permit,  the  non- 


linear  behavior  of  both  the  transducer  and  air,  when  displacements  reach  large- 
signal  levels,  will  be  investigated.  The  development  effort  has  significant 
implications  in  the  areas  of  medical  ultrasound,  unden/vater  detection,  non¬ 
destructive  evaluation  (manufacturing,  materials  characterization,  and 
infrastructure  inspections),  flow  metering,  and  position  sensing. 
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